Many chronic human diseases, including multiple neurodegenerative diseases, are associated with deleterious protein aggregates, also called protein amyloids. One common therapeutic strategy is to develop protein aggregation inhibitors that can slow down, prevent, or remodel toxic amyloids. Natural products are a major class of amyloid inhibitors, and several dozens of natural productbased amyloid inhibitors have been identified and characterized in recent years. These plant-or microorganism-extracted compounds have shown significant therapeutic potential from in vitro studies as well as in vivo animal tests. Despite the technical challenges of intrinsic disordered or partially unfolded amyloid proteins that are less amenable to characterizations by structural biology, a significant amount of research has been performed, yielding biochemical and pharmacological insights into how inhibitors function. This review aims to summarize recent progress in natural product-based amyloid inhibitors and to analyze their mechanisms of inhibition in vitro. Major classes of natural product inhibitors and how they were identified are described.
Introduction
Amyloidosis is associated with the largest class of protein misfolding diseases that includes a broad spectrum of neurological, metabolic and aging related diseases including Alzheimer's disease (AD), prion disease, Parkinson's disease, and type 2 diabetes (T2D). The pathological hallmarks of amyloidosis are structurally conserved intracellular and extracellular insoluble proteinaceous deposits termed amyloid fibrils [1] [2] [3] . Protein amyloid aggregation proceeds through a nucleation dependent process wherein monomeric and oligomeric aggregates form "seeds" that initiate an aggregation cascade that results in equilibrium between mature amyloid fibrils and their small precursor aggregates. Mature amyloid fibrils are comprised of several unbranched protofilament segments, which are in turn made up of β-sheet rich protein structures. These structures stack upon one another, forming the conserved amyloid "cross beta spine", characterized by individual β-strand units being positioned perpendicular to the long axis of the protofilament [2] . Even though certain physiochemical properties conferred by amino acid sequence such as hydrophobicity, charge and β-sheet propensity can affect amyloidogenicity of natively unfolded proteins, extensive literature suggests that amyloid formation is facilitated by backbone interactions [2] . Over the last two decades, increasing evidence indicates that the primary pathological amyloid species are non-fibrillar precursor aggregates that range from unstructured oligomers (as small as dimers) to β-sheet rich aggregates termed protofibrils (as small as 20-mers) [2, [4] [5] [6] [7] [8] [9] .
Generic mechanisms of amyloid induced cytotoxicity include cell membrane damage, organelle dysfunction, and impaired proteostasis that can ultimately lead to cell death [10] [11] [12] [13] . Protein amyloid specific pathologies can also arise due to the cellular and physiological processes that are perturbed in specific tissues as well as the unique consequences linked to losing the native function of the aggregating proteins. For example, microtubule dysfunction as well as increased insulin resistance and reduced β-cell mass are manifestations of specific amyloid pathologies present in tauopathies and T2D, respectively. Currently amyloidosis can be classified based on if the amyloid deposits are localized or systemic and if the underlying pathologies are neuropathic. Using these criteria, Dobson and colleagues delineated amyloid diseases into three categories: neurodegenerative, non-neuropathic systemic and nonneuropathic localized amyloidosis [1, 2] . Over fifty human protein misfolding diseases and their associated proteins and peptides have been described, including several physiologically important peptide hormones such as insulin [14] and amylin [15] .
Due to a rapidly aging population and the modern sedentary lifestyle, we are witnessing rapidly growing numbers of people with chronic human diseases, including protein amyloid diseases. AD, for which currently there are no known cures, is reaching epidemic proportions. Progress towards managing protein misfolding diseases in general has been hampered by the failure to develop any effective disease-modifying drugs. This is in part due to our very limited mechanistic understanding of amyloidogenic protein -drug/small molecule interaction. Identification of effective therapeutic inhibitors is challenging because of intrinsic structural disorder of many protein targets of amyloid assembly. In this review we will primarily focus on natural product based amyloid inhibitors ( Fig. 1 ) and in-depth analysis of their mechanisms of inhibition.
Drug discovery strategies against amyloidosis
There are multiple therapeutic strategies to identify disease-modifying agents against protein amyloidosis (for a recent review, see [16] ). For natural compound identification, one source of information comes from epidemiological studies that suggest preventative effects against dementia, AD, or diabetes may be associated with the diets containing high intake of flavonoids and polyphenolic compounds [17] : The Mediterranean diet, featuring by a high intake of vegetables, fruits, cereals, and olive oil, was reported to be associated with reduced risk for AD and mild cognitive impairment in multiethnic community studies in New York [18, 19] . Several cohort studies suggested that moderate intake of red wine (containing resveratrol) was associated with a reduction in risk of dementia, AD, or cognitive decline [20, 21] . Curcumin, found in yellow curry spice turmeric in traditional Southeast Asian diets, and EGCG and myricetin, polyphenolic compounds present in green tea, have been associated with cognitive health [17] . However, the protective effects of diet as a whole are not the same with the specific effects of a single compound. How diet-specific natural compounds may provide healthy effects are not well known. Nevertheless, information from these epidemiological sources as well as information reported by alternative and complementary medicine led to testable hypotheses and experimental efforts that successfully identified numerous natural compound amyloid inhibitors [22] [23] [24] [25] .
One of the current strategies aimed at identifying therapeutic lead compounds for amyloidosis focuses on inhibiting amyloid aggregation by (i) inhibiting toxic amyloid formation and/or stabilizing its native form from aggregating and (ii) remodeling or degrading toxic amyloid oligomers and/or insoluble fibrils. Various approaches have been used. A variety of platforms, including in vitro ( [26] and cell based approaches [27] have been used in a semi-to-high throughput capacity to screen for small molecules that prevent or modulate amyloid aggregation. One selection criterion used to choose the library of compounds for screening emphasizes the overall quantity and diversity of compounds rather than any specific underlying physicochemical features [26] . For instance, Chen and colleagues developed a high throughput small molecule microarray assay capable of identifying amyloid inhibitors by assessing binding affinity with amyloid β-peptide with ~11,000 different small molecule leads per array slide. Activities were assessed from a range of synthetic and natural compounds as well as compounds derived from diversity-oriented synthesis. Several high-resolution crystal structures of fragment sequences of amyloidogenic proteins [28, 29] in concert with atomic structural analysis on small molecules that bind these structures [30] [31] [32] have revealed a variety of molecular scaffolds that either inhibit or modulate amyloid formation. These structures, some of which have been proposed as potential pharmacophores [30] that can presumably target the generic cross beta spine architecture common to all amyloids, are currently being used for structure-based drug design efforts. For example, Eisenberg's group, utilizing Orange G, an amyloid binding dye, developed a high throughput screening platform that utilized iterative computational and experimental approaches, and investigated and fine tuned structure activity relationships for lead compounds with optimized activity against Aβ amyloid [33] . In addition, molecular docking and molecular dynamics simulation are commonly used approaches to screen small molecule libraries, to gain mechanistic insights into target -drug interactions, and to optimize lead compounds [33] [34] [35] .
Natural product-based amyloid inhibitors

Natural product inhibitors
Natural compounds that exhibit anti-amyloid effects have distinct advantages over other synthetic compounds: they are often naturally consumed as part of a healthy diet wherein they offer general nutraceutical benefits such as reduced risk for AD and T2D [36] . Several polyphenols including curcumin, resveratrol and epigallocatechin-3-gallate (EGCG), have progressed to clinical trials for AD treatment (See Section 3.3.). Moreover, based on their multiple functions including anti-oxidant, anti-inflammatory and metal chelating capacities, polyphenols are a rich source for a variety of different structural backbones that can be utilized in rational drug design efforts to find multifunctional anti-amyloid agents [37, 38] (see Section 3.2.4.).
Using PubMed and other public databases, we conducted a general search for a comprehensive list of natural compound amyloid inhibitors. Because natural compounds could be identified based on a wide variety of beneficial activities against amyloid diseases such as inhibiting amyloid indirectly by attenuating amyloid protein expression levels or influencing other key biochemical targets associated with amyloid, only natural compounds that directly prevented or modulated amyloid aggregation are included in our list. Of the 72 compounds identified, 44 are phenolic compounds that include 16 flavonoids, 4 anthraquinones, 13 alkaloids (including 3 indoles, 3 pyridines, and 2 porphyrins), terpenes, and steroids. Fig. 1 provides the chemical structures of these compounds.
Many of the phenolic compounds identified from our search are present in the aforementioned diets that are epidemiologically linked with reduced risk of aging-associated amyloid pathologies [17, 39, 40] . Examples include oleuropein and oleocanthal found in olive oil, resveratrol found in fruit and red wine, curcumin found in turmeric, as well as EGCG and myricetin found in green tea. Additional polyphenols identified that are present in healthful foods include caffeic acid and rosmarinic acid found in culinary herbs, cinnamaldehyde found in cinnamon, and genistein found in legumes. In contrast to the flavonoids or phenolic acid derivatives that comprised the majority of structures found within polyphenol amyloid inhibitors, several inhibitors with strikingly different structures were identified: cyclodextrin, a cyclic carbohydrate byproduct formed from enzymatic starch breakdown; squalamine, an aminosterol isolated from dogfish with previously documented anti-viral and anti-bacterial activities [41, 42] ; vitamin A, a fat soluble vitamin [43] ; hematin, a porphyrin employed as a therapeutic against porphyria [44] ; rifampicin, an antibiotic for treating bacteria infections; and scyllo-inositol, a plant sugar alcohol found abundantly in coconut palm. Caution has to be taken that amyloid-inhibitory functions of the majority of these compounds have not been validated in vivo.
Mechanisms of inhibition
3.2.1. Chemical modes of action-The specific stages of aggregation and amyloid species that are targeted by natural product inhibitors, as well as the resulting biochemical and biomolecular processes that are linked to amyloid induced cytotoxicity are not yet fully understood. However, recent work has begun to elucidate a detailed understanding of the chemical mechanisms that underlie these processes. Anti-aggregation agents can exert their actions by forming covalent bonds [45] [46] [47] [48] and/or non-covalent interactions (i.e. π-π interactions, hydrogen bonding, or charge-charge interactions between an inhibitor and the backbone or side chain residues of the target protein) [30, [49] [50] [51] that may affect one or all stages of the aggregation processes. Eisenberg's group has elucidated at least two different binding modes of amyloid pharmacophores whose non-covalent interactions can be delineated by relatively "tight" (i.e. co-crystal structure of Orange G bound to Aβ fibril fragment KLVFFA) or "less tight" binding (i.e., co-crystal structure of curcumin bound to Tau fibril fragment VQIVYK) within the cross beta spine of single crystal structures of amyloid fragment sequences from Aβ and Tau [30] . However, formation of a common amyloid pharmacophore mediated by predominantly non covalent bonding interactions fails to explain why in some cases these forces, which typify EGCG mediated anti-amyloid activities in many amyloid systems, are ineffective in others [52] . Accordingly, a series of papers have demonstrated that covalent adduct formation can occur between the nucleophilic side chain thiols and amines (as well as the amino terminal amine) and the electrophilic carbonyls within o-quinone intermediates and/or aldehyde moieties [45, 46, 48] . Covalent adduct formation significantly affects anti-aggregation effects of baicalein on α-synuclein [46, 53, 54] and likely also on amylin [25] . Adduct formation also affects EGCG's binding affinity and remodeling of Aβ as well as amylin [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] fibrils [47] . Such a mechanism appears to be essential to inhibiting phosphatase-cleaved amyloid precursor peptide (PAP) amyloid formation [52] ; Similar mechanisms have been proposed in the observed antiaggregation effects of taxifolin on Aβ aggregation as well as for cinnamaldehyde and oleocanthal on tau amyloid formation [45, 55, 56] . The following sections focus on numerous case studies to provide a detailed discussion of the non-covalent and covalent mechanisms that mediate natural compound-amyloidogenic protein interactions, and importantly, their association with observed inhibitory effects on amyloid induced cytotoxicity.
Non-covalent inhibition mechanisms-
The type and specificity of the noncovalent interactions that mediate amyloid inhibitor activity can vary depending upon the protein or stage of aggregation that is targeted [49, 52, [57] [58] [59] [60] . Thus, many of the noncovalent interactions described below are not meant to be a comprehensive description of all non-covalent interactions that may mediate the anti-amyloid activities of a particular compound. Rather it is a summary of some of the key interactions that have been shown to be important for each inhibitor within the specified context. We will use two extensively studied compounds, curcumin and EGCG, as showcase examples.
Curcumin has been documented to modulate amyloid assembly in various amyloid systems. Because curcumin has been identified as a potential pan-assay interference compound (PAINS) [61] , it is especially important to have multiple orthogonal assays to validate the bioactivities of curcumin. Nonetheless, extensive literature shows that curcumin prevents amyloid formation, amyloid induced cytotoxicity, and provides beneficial in vivo effects including reduced plaque burden (for a recent review, see [62] ; Table 1 ) via (i) inhibiting amyloid aggregation in the instances of amylin or Aβ [60, [63] [64] [65] (ii) Accelerating α-synuclein aggregation that results in less toxic intermediates and insoluble aggregates [59, 66] . Using experimental structure information, computational simulation work has provided insights into key non-covalent interactions between curcumin and the generic cross beta spine structure present in amyloid fibrillar structures as detailed below.
Docking simulations with amyloidogenic "steric zipper" hexapeptide amyloid beta fragment and full length Aβ , showed that curcumin binds within the inter strand space (maintained at characteristic 10 Å distance of protein fibrils; Fig. 2A ) in a planar fashion, with its phenyl heads oriented in parallel with the fibril axis [32] . Subsequent analysis revealed that curcumin formed key inter-residue side chain interactions that targeted the bolded residues within segment KLVFFA of the hexapeptide octamer assembly and residues HQKLVFFA in full-length amyloid β peptide [32] . In both cases, interatomic distances between these residues and specific regions of curcumin molecule were indicative of a variety of important non-covalent contacts that were mediated by hydrophobic and hydrogen bonding interactions ( Fig. 2A) . These include interactions between aromatic phenyl rings of curcumin and His14 (π stacking) and between the phenyl ring of curcumin and Val18 (π-alkyl stacking). Other interactions include hydrogen bonding between two separate flanking Lys16 residues (projected inward from opposite strands of the cross beta spine) [32] . Furthermore, data from molecular dynamics (MD) trajectories (at 1 ns duration) indicate much larger root mean square fluctuations for residues HQKLVF (1.4-3.6 Å) in full-length Aβ fibrils with curcumin bound than for controls with no curcumin bound (0.9-2.1 Å). Binding of curcumin results in β-sheet perturbations within the cross beta spine that may have important implications experimentally relevant to fibril inhibition [58, 59, [64] [65] [66] . Indeed, a similar mechanism of "binding and destabilization" has recently been described with curcumin-bound tau hexapeptide VQIVYK [31] . Eisenberg's group recently solved curcumin-bound tau hexapeptide crystal structure that demonstrated curcumin intercalates within the inter-β-sheet pocket of four interacting oligomeric chains, with curcumin oriented in a planar-lengthwise fashion parallel to the fibril axis [30] . Using this complex structure as the starting point, a 20 ns MD trajectory was performed that showed curcumin-bound tau disrupts inter-strand beta sheet chain interactions that preclude ordered fibril assembly [31] .
Another recent study utilized MD simulations to investigate the molecular contacts that mediate amylin-curcumin interactions. MD simulations showed that multiple curcumin molecules self-associate, forming a nucleation site, characterized by exposed hydrophobic and hydrogen bonding contacts that bind to and stabilize small order amylin oligomeric "nano-assemblies" that attenuate higher order amyloid aggregation [63] . Helical structures have been proposed to play an important role in facilitating downstream β-sheet rich secondary changes that precede fibrillar amylin amyloid assembly [67] [68] [69] [70] [71] . Moreover, these data indicate that curcumin is capable of targeting more than just the cross beta spine motif. Residues in the amylin sequence that are targeted most frequently by curcumin included Leu12, Phe15, Phe23, Leu27 and Tyr37 (which includes all aromatic residues within amylin). Discrete MD simulations (DMD) data supported the presence of π -π stacking between these aromatic residues and the phenyl rings of curcumin. These simulation results are consistent with the hypothesis that π -π interactions are an important force mediating anti-amyloid effects of polyphenols [72, 73] . DMD also suggested the presence of hydrogen bonding between both 4-hydroxy-3-methoxy phenyl substituents on curcumin and backbone/polar residues of amylin. Importantly, these curcumin-nucleated amylin "nanoassemblies" displayed fewer amylin-amylin contacts, which was attributed to formation of several smaller assemblies versus the one cluster seen in the control [63] . The possibility that curcumin nucleates and stabilizes small oligomeric assemblies that leads to fewer amylinamylin interactions provides mechanistic insights into the experimentally confirmed ability of curcumin to significantly delay and prevent amylin amyloid formation in vitro [60] .
A common phenomenon observed in each study was that curcumin intercalated within the hydrophobic core of all amyloid assemblies regardless of the type of peptide or the quaternary structure of each complex. The non-covalent interactions observed within these complexes give not only mechanistic insights into how curcumin exerts its anti-amyloid effects [58, 59, 65] , but also show how the molecular scaffold of curcumin is capable of targeting the cross beta spine present in all amyloid fibrillar structures, as well as α-helical oligomers that may play an important role during the early events of amyloid aggregation [67, 68] .
EGCG exerts powerful anti-amyloid effects against a number of amyloidogenic proteins. It has the ability to prevent the formation of toxic prefibrillar oligomers (while stabilizing nontoxic off pathway oligomers), as well as inhibit amyloid fibril formation and remodel previously existing amyloid fibrils into less toxic insoluble aggregates [47, 50, 52, 57, [74] [75] [76] . Numerous studies have elucidated some of the key non-covalent binding events and interactions that mediate these effects. Multiple studies suggest that EGCG undergoes nonspecific hydrophobic and hydrogen bonding interactions that can mediate its anti-amyloid activities: (i) Nitro blue tetrazolium (NBT) dye staining analysis as well as NMR data suggest that EGCG can bind to natively unstructured α-synuclein and amyloid β peptide or denatured bovine serum albumin but not other native globular proteins [57] . These data suggest that EGCG may have a propensity to target unfolded or natively unstructured proteins, presumably via non-specific backbone interactions [57] . (ii) EGCG can remodel preformed amyloid generated by the mutant form of acetylated fragment of yeast prion protein Sup35 (GNNQQNFQQF) but not the native fragment (GNNQQYQQY). Such differential effects may be due to the mutant fragment possessing more hydrophobic binding regions that can interact with EGCG [47] . (iii) Using a series of amylin mutants, Raleigh's group investigated the importance of residue-specific aromatic/hydrophobic or covalent interactions that may mediate EGCG-induced amyloid inhibition and/or remodeling activities. They concluded that neither was critical, and that backbone hydrogen bonding/ hydrophobic interactions likely mediate the effects of EGCG [49] . Other studies indicate that the ability of EGCG to inhibit amylin amyloid aggregation or remodel preformed amylin [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] fibrils is attenuated in the presence of negatively charged lipid bilayers [47, 76] . These data suggest that key polar and non-polar regions of amylin that mediate the nonspecific hydrophobic interactions and hydrogen bonding as suggested by Raleigh and colleagues [49] , are sequestered by both lipid bilayers and detergent, leading to fewer interactions with EGCG.
The anti-amyloid activities of EGCG may also be facilitated by protein specific regions and/or residue binding: (i) Data from biochemical assays, ion mobility mass spectrometry, 2D NMR spectroscopy, and computational simulations suggest that EGCG-Aβ binding results in compact monomeric and dimeric conformations, as well as higher order SDSstable Aβ oligomers that are mediated by polar and non-polar interactions between EGCG and the aromatic hydrophobic core of Aβ [75, 77] . Hyung and colleagues also suggested from molecular modeling studies that EGCG may interact with metal binding residues His6, His13, and His14 in the Aβ sequence [77] . (ii) NMR spectrometric data on prostatic acid phosphatase-cleaved amyloid precursor peptide (PAP 248-286 ) with EGCG indicate that EGCG binding is selective for charged residues Lys, Arg, His along with Met but not its hydrophobic core [52] . Furthermore, EGCG did not exhibit anti-amyloid activity against acetylated PAP, indicating that non-specific hydrophobic interactions or hydrogen bonding cannot alone mediate the anti-amyloid activity of EGCG towards this amyloid peptide (See Section 3.2.3 for further discussion). MD simulations have also been applied in studying the interaction of EGCG with amyloidogenic peptides. In one study, MD simulations were used in combination with MM-PBSA calculations to examine interactions between EGCG and the Aβ 42 monomer [78] . EGCG molecules were observed to expel water from the surface of the peptide and bind directly to it. Free energy decomposition revealed that the dominant terms contributing to binding involved nonpolar interactions, with polar interactions playing a minor role. In another study, MD simulations were used to examine the effect of EGCG on aggregation of amylin [79] . Replica exchange MD was used to study the conformation of amylin dimers. Initial conformations were extended and contained a three-stranded antiparallel β-sheet and the β-hairpin characteristic of cross-beta amyloid. When EGCG was present, the hydrophobic and interpeptide interactions that stabilized the extended β-sheet structures were blocked, resulting in the formation of conformations containing predominantly coil structure.
In summary, the anti-amyloid activities of EGCG are mediated by a broad spectrum of noncovalent interactions whose specificity and overall contribution to the observed anti-amyloid activity is determined by the interacting protein: in the case of amylin, non-specific interactions (i.e., hydrophobic/hydrogen bonding interactions) were sufficient to facilitate the anti-amyloid activity of EGCG; this contrasts sharply with its inhibition of PAP amyloid, wherein specific interactions are essential. This dichotomous behavior is also a departure from an inhibitory mechanism that is characterized by a common phenolic pharmacophore, as suggested by studies conducted with curcumin and Orange G [30] . To our knowledge, high-resolution structural information has not been obtained for EGCG in complex with an amyloid peptide. such as aldehydes (Fig. 2B , Middle and Lower Panels; [55, 56] ). Major covalent inhibition mechanisms and selected cases are presented below.
Covalent interaction mechanisms-Multiple
O-quinone mediated covalent mechanisms:
We will use EGCG, taxifolin, baicalein, and catecholamines to showcase examples for o-quinone mediated covalent mechanisms. A series of NBT binding assays, transmission electron microscopy (TEM), and NMR analyses confirmed that site specific adduct formation to lysine residues within (PAP) 248-286 is essential for EGCG-mediated anti-amyloid activity as well as SDS-stable insoluble aggregate formation of (PAP) 248-286 [52] . Furthermore, mass spectrometry indicates that gallocatechin (GC), which lacks the gallic ester moiety presented in EGCG but retains the three contiguous hydroxyl groups on the B-ring, undergoes less conjugation with (PAP) 248-286 and neither stabilizes low molecular weight SDS-stable PAP oligomers nor inhibits PAP amyloid formation. This suggests that the gallic ester moiety present in EGCG is essential for yielding a sufficient amount of adduct formation (i.e., 35% in EGCG-PAP samples versus 10% observed in GC-PAP samples) necessary to confer anti-amyloid activities. These effects may be attributed to higher stoichiometric amounts of gallol functional groups capable of o-quinone formation in EGCG (versus GC). Alternatively, the gallo ester may facilitate initial non-covalent EGCG-PAP interactions as suggested by NMR experiments that places EGCG in a more favorable position and orientation (as compared to GC) for covalent conjugation [52] . The latter explanation is similar to the idea of how aromatic/hydrophobic residues within the hydrophobic amyloid core may facilitate proper pharmacophore positioning of certain polyphenols along the cross beta spine of amyloid fibrils [72] .
Taxifolin does not inhibit monomeric or seeded amyloid beta fibril formation in anaerobic conditions or in the presence of a mild reducing reagent [45] . However, when incubated under aerobic conditions, taxifolin attenuates beta sheet rich secondary changes and prevents Aβ 1-42 fibril formation, a phenomenon that was accelerated in the presence of an oxidizing reagent, sodium periodate [45] . Studies using mass spectrometry and site directed mutagenesis confirmed that the chemical mechanism responsible for taxifolin mediated antiamyloid activity occurs via site specific covalent adduct formation, through Michael addition at residues Lys16 and Lys28 [45] . Further characterizations with catecholtype (myricetin and quercetin) and non-catechol type (morin, kaempferol and datiscetin) flavonoid compounds suggested that all compounds exhibited anti-amyloid activity against Aβ . But in the presence of Lys16Nle, Lys28Nle, and Lys16Nle/Lys28Nle mutants, only non-catechol-type molecules showed anti-amyloid activity [45] . These results indicate that myricetin and quercetin direct their anti-amyloid activities through o-quinone-Lys covalent adduct formation similar as taxifolin but that such a mechanism may not be generalized to all flavonoid molecules.
In a similar case, baicalein prevents α-synuclein amyloid formation and the primary chemical mechanism responsible for this activity is believed to be via formation of baicalein-α-synuclein covalent adducts [46, 53] . anti-amyloid activities of baicalein against α-synuclein aggregation are significantly enhanced when it is autoxidized into the quinone form of baicalein versus freshly prepared baicalein, but significantly weakened under anaerobic conditions [46, 53] . Disrupting free radical cycling essential to o-quinone auto-oxidation via 5,5-dimethyl-1-pyrroline-N-oxide radical quenching reagent significantly reduced anti-amyloid effects of baicalein [53] . Finally, results from mass spectrometry confirmed that the o-quinone form of baicalein forms covalent adducts with α-synuclein [46, 53] . Inhibitory effects of baicalein against amylin oligomerization, fibril formation and amylin amyloid-induced toxicity have also been characterized and validated using a variety of analytical approaches [25] . In addition, systematic structure activity studies using a series of baicalein analogues provided strong evidence for an essential role for its catechol moiety in mediating these effects. Importantly, Schiff-base mediated baicalein-amylin adducts were demonstrated by mass spectrometric evidence [25] . The latter mechanism can readily be explained by the ability of baicalein to undergo auto-oxidation to the o-quinone form and in turn to form covalent adducts with amylin.
Several studies suggest that numerous quinones and aminochromes derived from oxidized catecholamines undergo o-quinone mediated protein covalent adduct formation that leads to the dissolution of both preformed Aβ and α-synuclein amyloid fibrils [80] [81] [82] . Dopamine (DA), its precursor 3,4-dihydroxyphenylacetic acid (DOPAC), as well as other catecholamines such as norepinephrine and epinephrine were shown to bind to α-synuclein monomers and prevent β sheet secondary structural changes [81] and also inhibited fibril formation [81, 82] . In agreement with spectroscopic based techniques that indicated dopamine could break up preformed Aβ and α-synuclein fibrils, elegant microscopy work tracked the time course of dopamine-mediated dissolution of a single fibrillar species of α-synuclein [81] . Further characterizations suggested that these effects are o-quinone mediated: administration of the anti-oxidant sodium metabisulifite prevented catecholamines from inhibiting fibril formation [82] ; the oxidized products of catecholamines were significantly more effective versus the "fresh" parent catechol compounds in inhibiting fibril formation (albeit in this study, validation of polymerized oxidation products was not addressed); the importance for the catechol moiety was suggested by numerous related catecholamine analogues that did not confer anti-amyloid activities [81, 82] ; the presence of long wavelength fluorescence in samples containing DA and α-synuclein which indicates Tyr-derived radical coupling (i.e., a phenomenon that can serves as an indicator of potential DA-α-synuclein adduct formation at the Tyr residues) was noted [81, 82] ; the presence of SDS-and heat-treatment stable DA-α-synuclein monomers and oligomers suggests very stable DA-α-synuclein interactions, potentially mediated by covalent binding [80, 82] .
Non-catechol derived covalent mechanisms:
Cinnamomum (tree) verum extract has been shown to inhibit amyloid fibril formation from tau and hen egg-white lysozyme [83, 84] . Recently it was confirmed that cinnamaldehyde, the major component of cinnamon bark oil, prevents Tau187 amyloid formation without affecting tau mediated microtubule assembly [55] . Further characterizations confirmed that the unsaturated beta carbon on CA undergoes reversible nucleophilic attack by Tau187 cysteine thiols (Fig. 2B , Middle Panel; [55] ). Amyloid formation from the double cysteine knock out Tau187 mutant C291S/C322S was not affected by cinnamaldehyde, suggesting that cysteine adduct formation was essential to anti-amyloid activity of cinnamomum.
Oleocanthal prevents tau from undergoing beta sheet secondary structure changes and inhibits tau amyloid formation in a concentration dependent manner [56] . Utilizing mass spectrometry (MS), further work established that oleocanthal forms a covalent adduct via Schiff base formation with the lysine residue of the hexapeptide VQIVYK sequence in the tau protein [56] . MS also suggested oleocanthal-tau (full length) adduct formation, but confirmation of the adduct was not possible due to inherent ambiguity related to oleocanthal-crosslinked products as well as because the MS spectra contained a low signalto-noise ratio. Nonetheless, other data strongly suggests that covalent adduct formation is necessary for anti-amyloid activity of oleocanthal: systematic structure activity studies showed that the two aldehyde groups within oleocanthal are essential for its observed antiamyloid activity (Fig. 2B , Lower Panel; [56] ); Titration of lysine into the mixtures containing both tau and oleocanthal reduces tau amyloid formation, in a lysine concentration dependent manner. Such reduction is consistent with the ability of lysine to form adducts with the aldehyde reactive-functional groups in oleocanthal (maybe more readily than tau), which results in fewer oleocanthal molecules available to inhibit tau amyloid [56] .
Natural product -Metal -Amyloid protein complexes-Transition metals,
including copper, iron, and zinc are believed to play important roles in contributing to various amyloid diseases [85] [86] [87] [88] .While there are still debates about the inhibitory or accelerating effects these metals may have on amyloid formation in vitro [87, 89, 90] , it is well known that metal dyshomeostasis is associated with neurodegenerative amyloid diseases [87, 91] . Furthermore, metals have been shown to directly bind to and exacerbate amyloid plaque load and toxicity in vivo. A primary mechanism of toxicity has been attributed to redox active metals such as copper that are sequestered in the amyloid plaques and contribute to cytotoxic reactive oxygen species production in the presence of hydrogen peroxide and reducing agents [87] . Recent work showed that by combining molecular scaffolds or functional groups from individual compounds that chelate metals, interact with amyloid or both, it is possible to engineer multifunctional small molecules with improved activity and selectivity against metal-induced amyloid formation and toxicity [37] .
Metal chelating activities of EGCG against various metals, including Zn(II), Cu(I/II), Fe(II/ III), and Al(III), directly attenuate metal-catalyzed amyloid formation in vitro. For example, EGCG can form compact ternary complexes with Aβ and either Zn(II) or Cu(I/II) that lead to formation of SDS-resistant non-toxic oligomers [77] . Results from NMR and docking simulations showed that these ternary complexes are mechanistically related, at least in part, by the capacity of EGCG to chelate metals separately in solution, and, at the same time, compete (against metals) for binding with the metal binding His residues in amyloid beta peptide (Hyung et al. 2013 [77] ). Importantly, these ternary complexes prevent metalaccelerated amyloid formation and are associated with EGCG-mediated cell rescue effects against metal-amyloid beta induced cytotoxicity [77] . Al(III) ion can accelerate amylin amyloid formation in vitro, but when EGCG and Al(III) are present at a 1:1 ratio in the presence of amylin, aggregation is more potently inhibited than in EGCG treated-metal free conditions [92] .
Several studies indicate that curcumin can chelate various biologically active metals including redox-active Cu(I/II) and Fe(II/III) [93] [94] [95] [96] . Curcumin can inhibit cytotoxic Cu(II)-triggered Aβ 1-42 aggregation and remodel preformed Aβ fibrils in the presence of Cu(II) [94] . Mechanistically, these effects are associated with curcumin forming a ternary complex with Cu(II) and Aβ peptide that is facilitated by simultaneous Cu(II) chelation and peptide binding [95] . Curcumin binds Cu(II) and Fe(II) with similar μM-range affinity [93] . It appears that curcumin more readily binds the redoxactive metals copper and iron than redox-inactive zinc [93, 97] , which has been related to the role of curcumin in suppressing metal-induced oxidative neurotoxicity.
Verbascoside has similar structural and chemical properties as curcumin (Fig. 1) . It was recently shown to inhibit Aβ fibrillation in vitro in metal-free conditions [98] . Recent biochemical and biophysical characterizations have further clarified how verbascoside and its esterified derivative, VPP, interact with freshly dissolved or preformed Aβ aggregates in the presence or absence of CuCl 2 or ZnCl 2 [38] . Verbascoside showed minimal effects on remodeling preformed aggregates in the absence of metal ions, but interestingly, it was selective for remodeling Aβ aggregates in the presence of CuCl 2 but not ZnCl 2 . In contrast, VPP remodeled preformed Aβ aggregates formed in metal free or in conditions containing either ZnCl 2 or CuCl 2 . In addition, metal binding for both compounds was supported by data from UV-Vis and NMR titration experiments and residue specific peptide binding was suggested [38] . The latter showed evidence that both compounds interacted with the metal binding region of Aβ . Furthermore, saturation transfer difference (STD) NMR was utilized to elucidate the atomic details of which aspects of each compound interacted with preformed fibrils. These data suggested fibrillar Aβ 1-42 interacted strongly with the glucose and rhamnose rings of verbascoside, in contrast to the ethyl ester moieties and hydrogens within the aromatic functional groups in VPP [38] . Future studies such as these, that provide atomic details regarding the nature of interactions for different molecular scaffolds on various amyloid targets, will enhance our understanding on the roles of metals in relation to inhibitors and target proteins and also our ability to utilize multifunctional molecular scaffolds to reduce metal-mediated amyloid toxicity.
3.2.5.
Non-toxic off pathway aggregates-It has been shown that some natural compounds exert their anti-amyloid activities by inhibiting early oligomerization events as well as preventing mature fibril formation [25] . Others may actually accelerate amyloid formation that result in structural modulation and attenuated oligomer/fibril induced cytotoxicity [66] . Interestingly, it has also been confirmed in multiple cases that natural compounds exert their anti-amyloid effects by modulating amyloid formation and/or preformed fibrils towards the production of both inhibitor-bound soluble and insoluble aggregates [46, 47, 54, 57, 66, 75, 99, 100] . These aggregates have been reported to display a wide range of size distributions that include soluble low molecular weight oligomers (as small as dimers) as well as high-molecular-weight insoluble amorphous aggregates (HMAA) that sediment under similar conditions as amyloid fibrils and are unable pass through 0.2 μM filters [47] . Several noteworthy biochemical and biophysical characteristics have been associated with these species. (i) Stability: both oligomers and HMAA remain stable in the presence of SDS denaturing conditions. Also, resistance to heat or high concentrations of denaturant have been observed in some cases [47, 54, 57, 101] (ii) Off-(amyloid) pathway nature: the low molecular weight oligomers do not act as nucleation or template "seeds" for fibril elongation nor do they form amyloid fibrils themselves [54, 57] . (iii) Non-toxic: both oligomers and high molecular weight (HMW) aggregates are inert in cell viability assays and are not recognized by conformation specific and toxic prefibrillar antibodies [57, 66, 99, 100] . These characteristics contrast sharply with toxic prefibrillar intermediates that are believed to be one of the major (if not primary) contributors to amyloid induced toxicity [2, 6, 7, 102] . We will discuss a few recent findings regarding inhibitor bound protein oligomeric or HMAA complexes, with an emphasis on the chemical mechanisms responsible for their formation.
As discussed earlier, EGCG inhibits PAP mediated fibril formation that results in the formation of insoluble SDS-resistant and EGCG-bound oligomeric PAP complexes [52] . EGCG directs similar formation of SDS-and heat-stable complexes in several other amyloid systems: (i) EGCG forms strong interactions with Aβ and α-synuclein that prevents amyloid formation and at the same time results in formation of EGCG-bound off-pathway complexes that were neither cytotoxic nor recognized by conformational-specific A11 antibody [57] ; (ii) EGCG directs formation of high molecular weight insoluble light chain immunoglobulins (isolated and purified from nine different humans diagnosed with light chain amyloidosis or multiple myeloma) that are heat-and SDS-treatment stable [101] . It is unclear in these studies the chemical mechanism(s) that are responsible for the formation of these complexes. (iii) Using microscopic and filter retardation assays, both covalent and non-covalent mechanisms were shown to play a role in the ability of EGCG to remodel preformed amyloid fibrils from numerous amyloid systems (i.e., amylin [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , Aβ or Sup35NM 7-16 ) [47] .
Baicalein can also stabilize an off pathway population of soluble α-synuclein oligomers that are robustly stable [46, 54] : It took greater than 2 M guanidinium chloride (GuHCl) to cause noticeable changes in the secondary structure as determined by thermodynamic stability studies [54] ; at the highest concentration tested (6 M GuHCl), baicalein-oligomers are not completely dissociated based on size exclusion chromatography data; at 37 °C baicaleinbound oligomers were shown to be stable for over a month (the longest duration investigated) [54] . Amazingly, these oligomers were determined not only to be "off pathway", but also, in a concentration dependent manner, they inhibited monomeric α-synuclein amyloid fibril formation and showed only minor lipid membrane perturbation against unilamellar vesicles in vitro [54] . The unusual stability of these oligomers compounded with the previously confirmed adduct formation and its importance in mediating the anti-amyloid activity of baicalein against α-synuclein suggests that covalent modification plays a role in forming these species.
A recent study showed that nordihydroguaiaretic acid (NDGA), resveratrol, and myricetin remodeled both preformed soluble Aβ oligomers and fibrils towards SDS-stable aggregates that exhibited attenuated cytotoxicity compared to controls and were not recognized by prefibrillar oligomer and fibril conformation-specific antibodies [100] . Another study showed that resveratrol-remodeled fibril aggregates were off pathway and that surprisingly, resveratrol was able to remodel unstructured and toxic prefibrillar oligomers, as identified by circular dichroism and A11 antibodies respectively [99] . Curiously, it did not remodel unstructured, non-toxic soluble oligomers. Since NDGA-, resveratrol-, and myricetindirected SDS-stable oligomers did not form when samples were boiled prior to SDS-PAGE, it is likely that the chemical mechanism conferring their SDS stability is non-covalent. Following ultra centrifugation sedimentation assays, natural compound polyphenol derivatives of rufigallol, trihydroxy benzophenone and exifone, as well as the porphyrin, hematin, were shown to inhibit tau fibril assembly as determined by maintaining a significantly larger portion of tau in the soluble fraction compared to untreated controls (also confirmed by orthogonal TEM and ThT assays) [103] . At the same time, these compounds directed the formation of SDS-stable soluble and, to a lesser extent, SDS-stable insoluble high molecular weight oligomers. Other sedimentation assays showed that porphyrin phthalocyanine also was able to significantly disaggregate preformed tau filaments into SDS-stable soluble tau oligomers [103] . Further investigations regarding the chemical mechanisms responsible for formation of these soluble HMW oligomers were not performed.
In vivo efficacy and clinical studies
Our detailed analyses of "Mechanisms of Inhibition" in Section 3.2. are based primarily on in vitro biochemical and pharmacological studies. While mechanistic insights from in vitro studies may still be applicable to in vivo cases such as the interactions between directly injected inhibitor drugs with protein amyloid/oligomers in the circulation, such as hyperamylinemia [15] . To our knowledge, there are very few studies that address the mechanisms of amyloid inhibition by small molecules at cellular or in vivo levels. We envision a variety of confounding factors will come into play, such as cell membrane permeability/drug delivery, cellular environment, and drug metabolism. Furthermore, how amyloids induce cytotoxicity and lead to cell death are also not completely understood. For all the in vivo animal studies, most studies have been focused on examining relevant amyloid plaques using immunohistochemistry approach, quantifying amyloid oligomer levels, and testing basic neurobehavioral functions of the animals ( Table 1) . We expect future molecular mechanistic studies in the cellular or in vivo contexts will emerge as the field further develops.
Currently, there are about two dozens in vivo animal studies and only three human clinical trials that have been performed to test selected natural product inhibitors for their efficacy against amyloid diseases (Table 1) . Several clinical trials have been registered in the U.S. National Institutes of Health (NIH) website (ClinicalTrials.gov), but either they are in progress or the final results of completed trials have not been reported [17] . Ongoing clinical trials include tests on resveratrol, genistein, and rosmarinic acid (RA) in AD or mild cognitive impairment patients [17] . Most of these compounds are well studied flavonoids or phenolic compounds, such as EGCG, quercetin, curcumin, oleuropein, and resveratrol, except for rifampicin [104] , an antibiotic used to treat bacterial infections, and scylloinositol [105] , a naturally occurring plant sugar alcohol. Almost all in vivo studies have targeted amyloid β peptide. However, EGCG has also been used to target α-synuclein [106] and transthyretin [107] . Most of the animal studies were conducted on transgenic mouse models, though several studies chose C. elegans worm as a model. C. elegans is known for its simplicity and short lifespan; additionally, deposition of Aβ amyloid in its muscles is agedependent, as it is in humans, and leads to the paralysis of the worm, a phenotype that can be easily and clearly scored [108, 109] . Typical effects observed by these primarily Aβ-targeted inhibitors are summarized in Table  1 . Reduced Aβ plaque burden and lowered toxic oligomer levels were observed in the brain of the animal models. Furthermore, memory dysfunction symptoms were often ameliorated. Additional beneficial effects that were reported included reduced microglial activation, increased autophagic responses, reduced inflammatory cytokine levels, and better redox homeostasis. EGCG, curcumin, and rifampicin also targeted tau protein, and these compounds led to reduced phosphorylated tau. In contrast to the animal studies, very few human trials have been completed and reported. EGCG and curcumin had been tested to target Aβ, tau or transthyretin. However, no significant beneficial effects were observed in curcumin-based clinical trials. Noticeably, levels of two inhibitors (curcumin in a clinical trial and resveratrol in an animal study) were undetectable in the brain, suggesting limited bioavailability of some natural compounds [110, 111] . This problem arises for some natural products relevant to their solubility and whether they can efficiently pass blood brain barrier, which will be further addressed in the next section. It is desirable that the bioavailability issue is addressed before more expensive and time-consuming in vivo trials are initiated. If a promising lead compound has unsatisfactory bioavailability to reach its target tissue, additional lead optimization steps may be required using medicinal chemistry and/or engineered drug delivery approaches.
Enhanced delivery for in vivo efficacy
A significant number of natural compound inhibitors, such as curcumin, resveratrol, and EGCG, are highly lipophilic [112] , which are not ideal for drug delivery. These compounds have a low bioavailability in the plasma, which further limits their availability in the brain. For example, in one of the three clinical trials testing efficacy of curcumin [111] , the authors were unable to demonstrate clinical or biochemical evidence of efficacy of curcumin in AD and preliminary data suggested limited bioavailability (undetectable in CSF and low in plasma at 7.32 ng/mL). In order to address low bioavailability issues, large quantities of the compounds must be administered in order to reach desired therapeutic effects. The large dose size of these compounds could lead to acute toxicity or low patient compliance [113] .
Nanoparticle-based drug delivery approach has gained pace in recent years for both small molecules such as natural products as well as biomolecules such as peptides [112, 114] . Nanoparticles can improve the effectiveness of natural compounds in disease treatment and prevention by increasing their bioavailability, including passing the BBB. In a recent study, the superior protective efficacy of resveratrol-loaded polysorbate 80-coated poly(lactide) nanoparticles compared to native resveratrol in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine induced Parkinson's Disease (PD) animal model was demonstrated, thus suggesting the advantage of nanoparticles over native drug in neuroprotection [115] . Another study used lipid-based nanoparticles (curcumin and piperine coloaded glyceryl monooleate nanoparticles). In vivo studies revealed that formulated dual drug (curcumin and piperine) loaded nanoparticles were able to cross the BBB, which rescued rotenone-induced motor coordination impairment, and restrained dopaminergic neuronal degeneration in a PD mouse model [116] . We and others recently reviewed and summarized multiple examples of nanoparticle formulations that increased the bioavailability (drug concentration in plasma) of selected natural compounds [112, 117] . For examples, poor bioavailability is a major limitation to the therapeutic utility of curcumin in clinical trials [118, 119] . Shen et al. compared the attenuation of morphine tolerance in mice induced by curcumin encapsulated in nanoparticles of PLGA and in nanoparticles of poly(ethylene glycol)-b-poly(lactic acid) (PEG-b-PLA) [119] . The mice that were given the curcumin-PLGA nanoparticles orally exhibited significantly greater attenuation of morphine tolerance than those mice given the curcumin-PEG-b-PLA nanoparticles, presumably due to greater absorption of the curcumin when formulated with PLGA. The mechanism behind PLGA nanoparticles increasing the bioavailability of curcumin has been investigated. Xie et al. showed data suggesting that the increase in bioavailability of curcumin was due to the inhibition of P-glycoprotein (P-gp)-mediated efflux. They concluded that the PLGA nanoparticles inhibit P-gp, which allows increased drug permeability and bioavailability [120] . Elucidation of the mechanisms of nanoparticle-based natural compound drug delivery will be important in further development of this promising technology. Moreover, these studies demonstrate the significant potential of nanoparticle-mediated drug delivery.
Liposomal encapsulation has also been used to improve bioavailability of hydrophobic compounds. Liposomes can better solubilize hydrophobic compounds and may also alter their pharmacokinetic properties. Multiple studies have been reported to use enhance the delivery of curcumin with liposome formulations [117] . In a study of rat oral administration of liposome-encapsulated curcumin (LEC), not only high bioavailability of curcumin but also a faster rate and better absorption of curcumin were observed as compared with other curcumin forms [121] . Oral LEC gave higher pharmacokinetic C(max) and shorter T(max) values, as well as a higher value for the area under the blood concentration-time curve (AUC), at the entire time points. In another case, a new type of liposome-propylene glycol liposomes (PGL) were engineered to facilitate the intracellular delivery of curcumin. From in vitro cell-based experiments, PGL showed the highest uptake of curcumin compared with that of conventional liposomes and free curcumin solution [122] .
Another approach for increasing solubility and bioavailability of poorly soluble natural compounds and drugs is to form amorphous solid dispersions (ASDs) of the therapeutic compound with a polymer [123] . Most drugs and natural compounds tend to crystallize, which is a barrier to dissolution at physiological conditions. Those natural compounds that are also highly hydrophobic exhibit especially poor bioavailability due to the combination of hydrophobicity and crystallinity. ASDs are solid solutions of the therapeutic in an amorphous polymer carrier in which attractive interactions prevent crystallization. It is important to choose the polymer for biocompatibility and controlled release of the drug under physiological conditions and also for good storage stability. In particular, polysaccharides have recently been demonstrated to form ASDs that significantly enhance the solubility of natural compounds including ellagic acid, quercetin, curcumin, naringenin, and resveratrol [124] [125] [126] . These studies suggest that ASDs in nanoparticle form could potentially be very useful in improving bioavailability through improved solubility and transport across physiological barriers. Even though nanoparticles have great potential to considerably improve the bioavailability of natural compounds and there has recently been significant progress in the development of such formulation, very few nanoparticle/natural compound drugs are currently being tested in clinical trials. More work needs to be performed to optimize these drug delivery systems and to better understand the mechanisms underlining the enhanced nanoparticle delivery.
Issues and perspectives
Natural product inhibitors are not without issues. These compounds examined thus far have relatively moderate inhibition potencies. Medicinal chemistry-based optimization steps (such as analogue synthesis and structure-function activity relationship characterizations) are often necessary. Another common issue is their solubility and bioavailability that has been addressed in the previous Section.
There are a significant number of in vivo animal studies, however, these studies focused on phenolic compounds and flavonoids that have similar physicochemical properties. Only a few in vivo studies test compounds that have significantly different chemical structures (hopeahainol A, rifampicin, and scyllo-inositol (Table 1) ). Such limited diversity may hinder discovery of inhibitors that have novel structural scaffolds. To identify novel inhibitors, large library screens with diverse classes of compounds may be required, which in turn needs a high throughput platform. Lee and colleagues have implemented quantitative high throughput (qHTP) screening of approximately 292,000 compounds (not natural product focused) to identify drug-like inhibitors of tau assembly [127] . The Hecht group developed an Aβ-GFP fusion strategy and screened a synthetic triazine library containing ~1000 compounds [27] . Our group also developed a semi-high throughput platform using fluorescence based 384-well plate format, which can be readily expanded to 1596-well plate to achieve high throughput for large library screens, such as screening an NIH Clinical Collection library as part of our repurposing efforts to identify new inhibitors against multiple amyloidogenic proteins including Aβ, amylin, tau, and α-synuclein (data not shown). These examples indicate that technology is available to perform qHTP screens to identify novel natural product inhibitors from large natural product diversity libraries.
Besides natural product inhibitors, there are numerous non-natural product based inhibitors, including synthetic compounds, peptide mimics, and antibodies. In those cases, protein amyloid inhibition mechanisms are likely to be different, especially for peptide-based inhibitors and antibodies. These topics are beyond the scope of this review.
Fully understanding the mechanisms of inhibition is critical. Currently, a significant gap in knowledge remains in our understanding of the biochemical and pharmacological mechanisms of amyloid inhibition, such as differences in protein remodeling with different natural product inhibitors (see Section 3.2.5). One major reason for our incomplete mechanistic understanding is that many of these amyloidogenic protein targets are partially unfolded or intrinsically disordered, which limits high-resolution structural characterization of the protein-inhibitor interaction. However, recent developments in high-resolution mass spectrometry may provide a powerful tool to rapidly characterize protein-inhibitor covalent compounds. Furthermore, expanding crystal structural information of fragments of amyloidogenic proteins and/or fragments in complex with inhibitors will yield significant insights into inhibition mechanisms as well as provide a basis for structure-based inhibitor design [33, 128] .
It is clear that similar types of non-covalent and in some cases covalent interactions can facilitate anti-amyloid activities of numerous inhibitors. However, protein amyloid specificity may play an important role as well. For example, curcumin accelerates α-synuclein amyloid formation into less toxic species [66] , whereas it delays and inhibits amylin amyloid formation [60] . Additionally, in many cases EGCG redirects amyloid formation from multiple different protein amyloid systems into off pathway non-toxic species, a common feature for many amyloid inhibitors. However, the observed anti-amyloid activities of EGCG can vary markedly according to the protein it interacts with: noncovalent mechanisms are only required for the activity of EGCG against amylin amyloid formation [49] , whereas covalent interactions are essential for anti-amyloid activity of EGCG against (PAP) 248-286 amyloid formation [52] . In this context, studies are needed to elucidate the chemical mechanisms by which specific molecular scaffolds inhibit specific amyloid proteins.
Due to bottlenecks in the therapeutic development process, developing a brand-new drug takes an enormous amount of time, money and effort. Therefore, it may be worthwhile to consider the concept of drug repurposing as a strategy to decrease costs and improve success rates: many drugs approved for other uses already have been tested in humans, so detailed information is available on their pharmacology, formulation, potential toxicity and side effects. Chemical structures of identified natural product protein amyloid inhibitors. These inhibitors are classified as flavonoids, other phenolic compounds, and additional natural compounds including quinones, pyridines, aldehydes, sugar alcohols, terpenes, etc. In each category, compounds are listed alphabetically. The planar curcumin molecule is depicted by a cartoon schematic within the cross beta spine of an octomeric fibrillar backbone. This representation is based on the structural model of curcumin bound to the VQIVYK segment from the tau protein as well as MD simulation results of curcumin docking onto Aβ hexapeptide KLVFFA [30] . Right panel: key non-covalent interactions occur within the cross beta spine of full-length amyloid β peptide and curcumin, as depicted from a recent MD simulation study [32] . His14 undergoes π-π stacking (dotted line) with one end of the aromatic heads of curcumin, which is also positioned in a hydrophobic area near Phe20 (bottom right). The central keto-enol functional groups and as well as the aromatic head (bottom left) undergo hydrogen bonding with lysine residues located on opposite sides of the cross beta spine (hashed lines). Additionally, π- 
